The large geographic variations in the incidence of gastric cancer (GC) are likely due to differential environmental exposures, in particular to Helicobacter pylori (H. pylori) infection. We aimed to investigate the impact of H. pylori on the epigenome in normal gastric mucosa and methylation changes associated with cancer risk independent of H. pylori. A discovery set of normal gastric mucosa from GC cases (n 5 42) and controls (n 5 42), nested in a large case-control study and stratified by H. pylori status, were subjected to genome-wide methylation profiling. Single-nucleotide polymorphism arrays from peripheral blood leukocytes were used to conduct methylation quantitative trait loci (mQTL) analysis. A validation set of gastric mucosa samples (n 5 180) was used in the replication phase. We found 1,924 differentially methylated positions (DMPs) and 438 differentially methylated regions (DMRs) associated with H. pylori infection, most of which were hypermethylated. Significant methylation alterations identified in the initial set were successfully replicated. Furthermore, the H. pylori-associated DMP/Rs showed marked stability ('epigenetic memory') after H. pylori clearance. Interestingly, we found 152 DMRs associated with cancer risk independent of the H. pylori status in normal gastric mucosa. The methylation score derived from three biomarkers was a strong predictor of GC. Finally, the mQTL analysis indicated that the H. pylori-and cancer-specific methylation signatures were minimally affected by genetic variation. The comprehensively characterized methylome changes associated with H. pylori infection and GC risk in our study might serve as potential biomarkers for early cancer progression in tumour-free gastric mucosa.
Introduction
Gastric cancer (GC) is the second leading cause of cancerrelated death worldwide. 1 The 5-year relative survival rate among people diagnosed with GC in Japan and the Republic of Korea is approximately 73%, 2, 3 which is relatively high due to extensive nationwide GC screening programmes. However, despite progress in therapies and preventive strategies, the 5-year survival rates of GC patients in other countries are low (25% in Europe and 28% in the United States) due to late detection of the disease. 4 Infection with the bacterium Helicobacter pylori (H. pylori), which is classified as carcinogenic to humans, 5 is thought to be the single most common cause of GC and is estimated to be responsible for more than two thirds of cases. 6 In several countries, H. pylori eradication is part of a national preventive strategy; however, H. pylori infection remains highly prevalent in many parts of the world, and the impact of past infection on GC risk is unclear.
Deregulation of epigenetic mechanisms is one of the hallmarks of cancer, 7 and the epigenome can act as a molecular sensor of exposure to environmental factors, including infectious agents. H. pylori and the inflammatory process it triggers may promote GC development by inducing deregulation of the DNA methylome. 8, 9 A number of studies have conducted DNA methylation analysis in GC tumours and their adjacent tissues using candidate gene 10 or genome-wide approaches; [11] [12] [13] however, these studies were limited to cancer tissue, and the effects of H. pylori were not considered. Three studies have identified methylation signatures in normal gastric mucosa in response to H. pylori infection, but these involved only several genes or partial DNA methylome coverage [14] [15] [16] or did not include GC patients. 16 Two studies, which tested three candidate genes to identify risk markers for gastric metachronous cancer, were focused on the progression of cancer after excluding the effect of H. pylori infection. 17, 18 Furthermore, H. pylori alone might not be sufficient to drive GC development. 19 In fact, only a fraction of infected individuals develop GC. 20 Therefore, other factors likely influence GC tumourigenesis. For example, several studies have proposed that germline mutations might be associated with susceptibility to GC risk. 21, 22 However, the aetiology of most of these associations remains largely unknown.
In our study, we aimed to analyse a set of normal gastric mucosa from cases and controls representing various H. pylori and GC statuses with both genome-and epigenome-wide coverage. Specifically, we were able to investigate the impact of both current H. pylori infection and epigenetic memory of past (eradicated) infection on aberrant DNA methylation, to identify DNA methylation signatures that predict GC risk and to determine whether the methylation changes induced in normal mucosa by infection and those induced by field effects in cancer have any common mechanisms. We also assessed the extent to which the identified methylation alterations were influenced by genetic variation. Finally, we validated the results using a set of 180 samples, focusing on targeted molecular signatures.
Materials and Methods

Study population and data collection
Participants were recruited at the National Cancer Centre Hospital in the Republic of Korea between March 2011 and June 2014. Case samples of individuals who had been histologically confirmed as early GC patients within the preceding 3 months at the hospital's Centre for Gastric Cancer were collected. Early GC was defined as GC confined to the mucosa or submucosa, regardless of the lymph node metastasis status. Control samples were collected from individuals selected via health-screening examinations conducted by the Centre for Cancer Prevention and Detection at the same hospital.
In total, 1,308 initial biopsy samples were collected (427 case and 881 control samples). After endoscopy and examination of the stomach, five further biopsy samples of the gastric mucosa were taken from each subject according to the Sydney system, and a biopsy sample in the greater curvature, at least 3 cm away from each tumour, was used for the methylation analysis (Figs. 1a and 1b) . 23 For this analysis, subjects were stratified by cancer status and H. pylori infection status [current (HP1), negative (HP2) or past infection (HPpast)] and were then matched based on their 10-year age group, sex and Lauren classification of GC. As a discovery set, 84 subjects (42 cases and 42 controls, with the case and control groups containing the same number of subjects for each H. pylori status) were selected for the methylation analysis. For the validation set, we selected subjects from the same study population as that used for the initial methylation analysis. To increase the sample size, we used a case-to-control ratio of 1:2. A total of 180 subjects (60 cases and 120 controls) were randomly selected, and pyrosequencing was performed for biological validation of the discovery set results. Technical confirmation was achieved using 25 subjects who were included in both the discovery and validation sets. Demographic, lifestyle and medical history data were collected from the participants via a self-administered questionnaire. The H. pylori infection status was determined by a rapid urease test, a serological test and histological evaluation. For the rapid urease test, one biopsy specimen was taken from the greater curvature of the corpus. For the histological evaluation, four biopsy specimens were collected from the lesser curvature of the corpus and antrum. The H. pylori status was determined via Wright-Giemsa What's new? To investigate why gastric cancer is more prevalent in some countries than others, these authors asked how H. pylori infection affects gene methylation. Here, they compared genomes of normal gastric mucosa from gastric cancer cases and controls, with and without H. pylori infection. They noted changes in methylation correlating with H. pylori infection, including current and prior infections, and identified 438 differently methylated regions associated with H. pylori infections. Interestingly, 152 differently methylated regions correlated with increased gastric cancer risk regardless of H. pylori status. Some of these methylation patterns could lead to biomarkers for detecting disease progression.
staining of the biopsy specimens by a pathologist specialized in gastric cancer. Current infection was defined as at least one positive test result in the rapid urease test or histological evaluation of four biopsy sites. Past infection was defined as a positive result in only the serology test. Subjects who received eradication therapy were excluded. Therefore, past infections were naturally eradicated. Information on dietary intake was obtained using a food frequency questionnaire, the reliability and validity of which have been previously reported. 24 Our study was approved by the Institutional Review Board at the National Cancer Centre (IRB number: NCCNCS-11-148) and by the Institutional Review Board at the International Agency for Research on Cancer (IARC, Lyon, France). All participants provided written informed consent. 
DNA methylation analysis
DNA extracted from normal gastric mucosa was subjected to bisulphite conversion, and methylome profiling was performed using an Infinium Human Methylation 450 K BeadChip Kit (HM450 array; Illumina, San Diego, CA), which allows simultaneous interrogation of greater than 450,000 CpG sites, as described previously. [25] [26] [27] The HM450 array data (IDAT files) were imported and processed using R/Bioconductor (https:// bioconductor.org/). We excluded cross-reactive probes and probes for sites of known single-nucleotide polymorphisms (SNPs) with a minor allele frequency greater than 5%, 28 leaving a total of 452,162 probes for the analysis. The data were further normalized using the FunNorm function in the Bioconductor minfi package. 29, 30 The DNA methylation level b-values were logarithmically transformed to M-values to obtain data with a more normal distribution. Surrogate variable analysis (SVA) was performed on the methylome data to correct for potential batch effects and, especially, cell-type effects. 31 To validate the findings obtained via methylome profiling, we used a pyrosequencing system (PSQ 96MA, Biotage, Uppsala, Sweden), as described previously. 32 We used a linear regression model after adjusting for covariates (smoking, alcohol consumption and folate consumption, as well as H. pylori seropositivity for the casecontrol comparison model) to identify differentially methylated positions (DMPs) using the Bioconductor limma package. 33 We used the Bioconductor DMRcate package with the recommended proximity-based criteria to identify differentially methylated regions (DMRs). 34 Statistically significant DMPs and DMRs were defined as those with a false discovery rate (FDR)-adjusted p values <0.05. Identified DMRs were additionally filtered using cutoff values of maximum delta-beta <5% and mean delta-beta <2%, with less than three CpGs constituting a DMR. The Bioconductor co-MET package was used to visualize the co-methylation patterns of several of the top DMRs. 35 Transcription factor binding site (TFBS) enrichment analysis was performed using the overlap of the identified DMP and ENCODE datasets, and transcription factor (TF) enrichment analysis was performed using the HOMER online tool (http://homer.salk.edu/homer/motif/) with a 50-bp window size.
Odds ratio (or) calculation and receiver operating characteristic curve construction OR calculation and receiver operating characteristic (ROC) curve construction were performed using SAS 9.3 (SAS Institute, Cary, NC) and the PredictABEL R package, respectively. 36 We calculated ORs and their 95% confidence intervals (CIs) after cutting off the methylation levels of each gene by tertile based on the control population, and we also calculated the combined score of the three biomarker genes for GC risk. The two hypermethylated genes were given relative risk scores of 0, 1 and 2 with increasing tertiles of methylation levels, and the hypomethylated genes were given the opposite (decreasing) risk scores.
Methylation quantitative trait loci analysis
Genotypes were assessed using DNA from peripheral blood leukocytes and Axiom Exome319 Array Plates (Affymetrix, Santa Clara), which contain 318,983 SNPs. A quality-control procedure was used to eliminate poor-quality samples and SNP markers, and 96,252 markers passed this quality-control step. Genotype imputation was then performed, resulting in 713,348 markers in total. 37 To check for methylation sites that are potentially influenced by genetic variation, we aimed to identify methylation quantitative trait loci (mQTLs) to show the interactions between SNPs and methylation. Using the Matrix eQTL R package, 38 we examined the correlations within 5 kb upstream and 5 kb downstream of each polymorphism with a p values <1e-5. We excluded SNPs within 10 bp of the interrogated CpG sites to eliminate probe effects.
Results
DNA methylome profiling of normal gastric mucosa by H. pylori infection status
To investigate the epigenome-wide effects of H. pylori infection in gastric mucosa and to identify potential new biomarkers of GC risk, we performed genome-wide DNA methylation profiling of normal gastric mucosa from GC cases and controls (Figs. 1a and 1b) . The general characteristics of the study participants included in the discovery and validation sets are summarized in Table 1 . To investigate the stability/reversibility of aberrant DNA methylation changes after clearance of H. pylori infection, we also included samples of gastric mucosa from subjects with past (eradicated) H. pylori infection in the analysis (Table 1) . Comparing the methylomes of the HP1 samples (N 5 28) with those of the HP2 samples (N 5 28) revealed 9,931 DMPs (k 5 1.27) (Fig.  1c ). Filtering these DMPs by a mean percentage difference in methylation (delta beta) 20% yielded a final total of 1924 DMPs considered to be statistically significant (FDR < 0.05) ( Fig. 1d and Supporting Information Table S1 ). The example of the CNIH3 gene in which highly significant DMPs associated with H. pylori were identified is shown in Figure 1e .
H. pylori-infected gastric mucosa exhibits marked genome-wide hypermethylation and differentially methylated regional clusters Of the 1,924 filtered DMPs, 1,872 (97.3%) were hypermethylated ( Fig. 1d and Supporting Information Table S1 ). Hypermethylated probes were highly enriched in promoter regions and were typically located close to (i.e., within 1 kb of) transcription start sites (TSS) (Figs. 2a and 2b) . Hypermethylated DMPs were enriched in DNase I hypersensitive sites (DHSs) and enhancers (Fig. 2c) . In addition, most hypermethylated probes were located within CpG islands, and this trend was more prominent when a higher delta beta cut-off point was applied (1,761 out of 1,872, 94% with delta-beta 20%) (Fig. 2d and Supporting Information Fig. S1 ). Overall, the methylation levels clearly differed by H. pylori status, and H. pylori infection appears to be strongly associated with hypermethylation across the methylome, especially in regulatory gene regions.
Pathway analyses using the genes located closest to the DMPs (delta-beta 20%) revealed enrichment in the neuroactive ligand-receptor interaction, cancer, axon guidance and Rap1 signalling pathways (Supporting Information Fig. S2 ). In addition, pathway analysis with DMP genes was performed after excluding the genes that are not expressed in the stomach (https://www. proteinatlas.org/) (Supporting Information Table S2 ). To further test whether the identified DMPs were enriched in TFBSs, we checked overlaps between the HP1 DMPs and the ENCODE datasets. The DMPs were significantly enriched in TFBSs compared with random probes or all probes in the 450 K array (Supporting Information Fig. S3 ). Thus, we performed a TF enrichment analysis to ascertain which specific TFs could underlie the methylation changes observed in our DMP list. Interestingly, the E2F3 motif was found to be present significantly more often in close proximity to the altered methylated sites, whereas this enrichment was not observed in the random probe set (Supporting Information Tables S3 and S4 ).
To identify highly correlated CpG regional clusters, we performed a DMR analysis that compared HP1 samples with HP2 samples. DMR analysis is a type of dimension reduction that transforms single CpGs into regional clusters of highly correlated CpGs. This analysis identified 438 DMRs (Supporting Information Table S5 ), suggesting the existence of regional clusters of differential methylation associated with H. pylori infection. To further visualize the correlations among CpGs within DMRs, we next plotted the top H. pylori-specific DMRs that mapped to different genomic loci (including the NKX6-2, THBD, IGF2-AS, BARX2, NKX2-1, TRIL, SIM2 and FOXQ1 genes) using the co-MET package. The co-MET panels showed a similar pattern of co-methylation among all top DMRs (Figs. 2e and 2f, Supporting  Information Fig. S4 , and data not shown). These findings suggest the coordinated hypermethylation of these loci. Interestingly, the co-MET panels revealed that all the TSS-proximal regions overlapped the hypermethylated CpG islands.
Persistence of H. pylori-induced aberrant DNA methylation in subjects with past H. pylori infection Information Tables S6  and S7 ). The vast majority (98.4%) of the DMPs were hypermethylated, and the hypermethylated sites were enriched in DHSs, enhancers, and CpG island regions (Figs. 3a-3d) . The most significant DMP annotated to the CNIH3 gene. As was the case in the HP1 versus HP2 analysis, the neuroactive ligand-receptor 
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Woo et al. (e) Pathway analyses were performed using the genes that were annotated closest to the identified DMPs (delta beta 20%) with the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/). The top five pathways of the hypermethylated probes are shown. Hypomethylated probes showed no enrichment in any gene clusters. The gene ratio is the ratio between the number of DMP genes associated with a pathway and the number of all genes mapped to that pathway. (f) The red ovals represent HP1 DMP/R genes with delta beta 20%, and the grey ovals represent HPpast DMP/R genes with delta beta 10%. The similarity between the HPpast and HP1 methylomes was evidenced by a remarkable overlap between the findings of the two analyses (92.9 and 81.6% overlap of the HPpast DMPs and DMRs, respectively, with those of the HP1 group). All analyses were performed (and all graphical representations were generated) using SVA-corrected values with FDR < 0.05 and delta beta >10%. 27 ). (g) Co-methylation plot of PRDM8. All analyses were performed (and all graphical representations were generated) using SVA-corrected values with FDR < 0.05 and delta beta >5%. All the statistical tests were binomial, and their results were compared with the HM450 array data. HM450, HM450 probes; Hyper, hypermethylated probes; Hypo, hypomethylated probes. [Color figure can be viewed at wileyonlinelibrary.com] interaction and Rap1 signalling pathways were identified as the most significant (Fig. 3e) . The similarity between the HPpast and HP1 methylomes was further evidenced by a remarkable overlap between the findings of the two analyses: 92.9 and 81.6% of the HPpast DMPs and DMRs, respectively, overlap with those of the HP1 group (Fig. 3f ). These results show that H. pylori-associated epigenetic alterations persist after clearance of the infection (Fig. 3b) , suggesting that H. pylori might leave an 'epigenetic memory' in gastric mucosa.
DNA methylome changes in normal gastric mucosa associated with case-control status
To investigate potential DNA methylation markers of GC risk independent of H. pylori status, we performed a methylomewide analysis of the normal mucosa by GC case-control status.
No DMPs reached statistical significance after adjustment for multiple testing, likely because the target tissues analysed for GC status were non-cancerous in the first place. This finding suggests that the field effect of cancer on normal mucosa is minimal.
When the size of an effect is small, the statistical power must be increased to detect it, which can be achieved by increasing the sample size and/or reducing the dimension of the variables interrogated. We, therefore, performed a DMR analysis that decreased the matrix size of the HM450 array data, thus transforming a large number of individual CpGs into regional clusters of highly correlated CpG sites. Sixty-five DMRs (601 CpGs within DMRs, delta beta >5%) were identified (FDR < 0.05) (Figs. 4a-g and Supporting Information Table S8 ), among which the hypomethylated probes (n 5 65) were slightly enriched in promoter regions, TSSs and DHSs (Figs. 4c-e) , and the hypermethylated probes were significantly enriched in CpG island regions (Fig. 4f) . Co-methylation was plotted using the highly significant CpG sites associated with case status that annotated to PRDM8 (Figs. 4b and 4g ). The resultant clusters are biologically interpretable because, in addition to being highly statistically correlated, the constituent CpG sites are also located in close genomic proximity and thus constitute regional (and not only statistical) clusters that function synchronously, as would be expected given their epigenetic nature.
To find suitable methylation biomarkers for GC, we identified the four genes with the highest delta-beta and lowest p values, namely, PRDM8, SEPT5-GP1BB, SLC22A17 and SNHG18 (Supporting Information Table S9 ), for validation by pyrosequencing. SEPT5-GP1BB was eliminated from the validation process due to its limited sequencing quality; the remaining three genes (two hypermethylated and one hypomethylated) (Supporting Information Table S10), showed similar DMR effect sizes as in the array-based approach and were therefore identified as potential biomarkers for GC risk (Fig. 5a and Supporting Information Table S11 ). We calculated ORs and their 95% CIs and found that their DNA methylation levels were highly associated with GC risk. The OR and 95% CI of the highest tertile of the combined score of the three genes was 23.25 (5.61-161.18) compared with the lowest tertile group. ROC curve analysis showed that the methylation score of PRDM8, SLC22A17, SNHG18 and their combination might serve as biomarkers of GC, with area under the curve (AUC) values of 0.754, 0.754, 0.659 and 0.765, respectively (Fig. 5b) . We validated the findings on these three genes using a larger sample set (N 5 180, Table 1 ) and showed that their DNA methylation levels were highly associated with GC risk (Supporting Information Fig. S5 ). The methylation data of these genes were also technically confirmed using 25 randomly selected samples that were subjected to both 450 K array (84-sample discovery set) and pyrosequencing analyses (180-sample validation set) (data not shown). Therefore, although the overall DNA methylation patterns in normal gastric mucosa were not strikingly different in the cancer cases versus the controls, the normal gastric mucosa harbours specific biomarkers that can predict GC risk. mQTL analysis reveals a minimal impact of genetic variation on the H. pylori-and cancer-specific methylation changes DNA methylation can be influenced by genetic variation, and specific methylation changes can be related to the SNPassociated risk of various diseases. 39 Therefore, we conducted an mQTL analysis to assess whether CpG methylation is influenced by nearby SNPs (i.e., SNPs located within a 10-kb window; cis-mQTL). SVA-corrected methylation probes (combined with SNPs located within 5 kb on either side) with the same covariates in each DMP/DMR model identified a total of 2,325,652 pairs (formed by a combination of 337,218 SNPs and 216,590 CpG sites). The results were similar in the two models. A total of 101,247 pairs (4.3%; between 47,756 SNPs and 8,689 CpGs) and 101,397 pairs (4.3%; between 47,801 SNPs and 8,646 CpGs) were identified as mQTLs in the two models, respectively (p values < 1e-5). The identified sites in the mQTL lists were matched to the DMPs in each model, but they overlapped significantly in only a few positions (Figs. 6a and 6b) . The mQTL sites overlapped in three sites (two genes) with 20% delta beta HP1 DMPs, suggesting minimal genetic interference with H. pylori-associated methylation alterations. Cancer status-associated methylation changes also had some influence on genetic variation, but 32 sites (11 genes) in the 5% delta-beta CpG sites within DMRs overlapped with the mQTL sites, mainly in the HLA-DPB2 gene regions. Interestingly, PSCA, which was shown to be associated with GC risk in a genome-wide association study (GWAS), 40 overlapped with the mQTL sites. To investigate whether the identified mQTLs were associated with the previously identified GWAS SNPs, we checked the overlaps between the GWAS and mQTL SNPs (Fig. 6c) . We used previously published data to identify the GC-associated GWAS SNPs. [40] [41] [42] [43] Among the 66 known GWAS SNPs, 52 SNPs were available in our data, and the methylation levels of the CpGs located close to LY6K (lymphocyte antigen 6 family member K) and KRTCAP2 (keratinocyte-associated protein 2) differed significantly by the genotype of the adjacent SNPs that had previously been identified to be associated with GC (Figs. 6d and 6e) .
Discussion
In the present study, we characterized the genome-wide methylation profiles associated with H. pylori infection in a set of normal gastric mucosa originating from both GC patients and healthy individuals. A large number of DMPs (1,924) associated with H. pylori infection were identified, demonstrating the widespread deregulation of the methylome in normal gastric mucosa infected by H. pylori. A few previous studies have investigated the impact of H. pylori infection on DNA methylation in normal gastric mucosa. [14] [15] [16] However, compared with these works, our study was not limited by sample size nor methylome coverage. Moreover, the present study is the first to apply dimension reduction approaches, which allowed identification of a large number of highly correlated CpG clusters that are associated with H. pylori infection.
The functional impact of the deregulated methylome induced by H. pylori infection remains to be established. Our findings that the majority of H. pylori-specific DMPs are strongly associated with hypermethylation across the genome and that the hypermethylated sites are highly enriched in the gene regulatory regions are consistent with the notion that the H. pylori might influence gene expression in gastric mucosa through aberrant gene silencing. This notion is further supported by our finding that hypermethylated sites associated with H. pylori are mostly enriched in CpG islands, which tend to occur predominantly in gene promoters. Furthermore, our findings that H. pylori-specific DMPs are also enriched in TF binding motifs reinforce the notion that H. pylori infection deregulates gene expression. Previous studies have shown that DNA methylation levels can be dynamically regulated at TFBSs within tissue-specific promoters during cell differentiation; therefore, the binding of TFs may play a role in modulating DNA methylation states at gene promoters. 44 In this context, our finding that E2F3 motifs are enriched close to DMPs upon H. pylori infection suggests that this specific TF might play a role in methylation alteration. Additionally, E2F family TFs are known to be overexpressed in H. pylori-infected gastric mucosa. 45 Our results point to a novel working hypothesis according to which modulation of DNA methylation could be a downstream regulatory mechanism of E2F3 activation upon H. pylori infection. Our results that H. pylori-specific DMPs are enriched in DHSs and enhancer chromatin marks, which tend to be occupied by cell-type-specific TFs, 46 suggest the existence of an alternative mechanism through which H. pylori might deregulate gene expression in gastric mucosa. The co-MET analysis revealed that aberrant co-methylation patterns are consistent across neighbouring CpG sites within individual gene loci, which agrees with the previous observation that aberrant methylation changes tend to occur in regional clusters instead of at isolated individual CpG sites. This finding also supports the notion that methylation changes at CpG-rich regions are likely to have an impact on gene expression regulation. 47 Furthermore, all TSS-proximal regions overlapped with hypermethylated CpG islands, consistent with the notion that aberrant hypermethylation located near the TSS could affect gene transcription. Interestingly, our comparison of methylome data from gastric mucosa exhibiting current and past H. pylori infection revealed a strong overlap between the HPpast and HP1 methylomes, indicating that many of the genes targeted by H. pylori remain differentially methylated after H. pylori clearance. This result is consistent with the phenomenon known as 'epigenetic memory' that seems to be evident in subjects exposed to different environmental and lifestyle factors. 27, 48 . Therefore, methylation changes may serve as an epigenetic memory system that 'records' and 'transmits' information from past exposures to environmental factors. 49 Several studies have revealed the longlasting persistence of specific methylation changes associated with environmental exposures. 27, 50 This phenomenon might depend on multiple factors, including the genomic context (some CpGs remain aberrantly methylated for longer periods than others in response to the same risk exposure), the level and duration of exposure (infection), and the tissue composition (e.g., the level of H. pylori-associated differential methylation might reflect local tissue heterogeneity). The finding that normal gastric mucosa harbours DMRs associated with case-control status suggests the presence of DNA methylation changes that can potentially serve as biomarkers of cancer risk. Despite the identification of DMRs, no statistically significant DMPs associated with case-control status were identified using the array data. However, our validation studies in a larger population did confirm the presence of differential methylation between cases and controls. This finding favours the possibility that normal gastric mucosa harbours DNA methylation changes highly associated with gastric cancer risk; however, further studies are needed to test if these alterations constitute an increased susceptibility to GC or if they are merely markers of other processes leading to carcinogenesis. Our mQTL analysis revealed that H. pylori-specific DMPs or CpG sites within GC-specific DMRs had a minor overlap with mQTLs, suggesting minimal genetic interference with H. pylori-or cancer-associated methylation alterations. However, probes within GC-specific DMRs mapped to PSCA overlapped with mQTLs, suggesting that methylation deregulation may be involved in PSCA-induced gastric carcinogenesis. Among 52 known GC-GWAS SNPs, the genotype of two SNPs close to the LY6K and KRTCAP2 loci seemed to affect the methylation levels of adjacent CpG sites. LY6K and KRTCAP2 are in the same linkage disequilibrium block with PSCA 40 and MUC, 43 respectively, which are believed to be strongly associated with GC risk. These results suggest that although the genetic influence on the methylation signatures described in the present work appears to be minimal, the previously identified GWAS-SNPs might act by modifying the methylation levels of proximal CpG sites.
Subjects with no signs of infection at the time of the study may have been infected before which may represent a limitation of our study. In addition, although the H. pylori infection status was classified according to the results of three tests (the rapid urease test and serological and histological evaluations), a small portion of gastric cancer patients in the HP-group may have had past or current H. pylori infections that were not detected due to false negative test results.
However, despite these weaknesses, our study design and validation are robust and our main findings are unlikely to be compromised by the limitations.
Conclusions
We comprehensively characterized the DNA methylome changes associated with current and past H. pylori infection in normal gastric mucosa from both GC patients and healthy individuals. We also identified DNA methylation markers of gastric cancer risk that are independent of the H. pylori status. These findings might have important implications for understanding the mechanisms through which H. pylori contributes to GC development as well as their potential reversibility in response to H. pylori clearance. Methylation-based biomarkers could be used for the follow-up of individuals at high risk for GC even after H. pylori eradication.
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